Interaction of Na/K-ATPase with its ligand ouabain has been implicated in the regulation of various biological processes. The objective was to investigate roles of Na/K-ATPase isoforms in formation and function of junctional complexes in Sertoli cells. Primary cultures of Sertoli cells were obtained by enzymatic digestion of 20-day-old rat testes and grown on Matrigel-coated dishes for 7 days. Sertoli cells predominantly expressed the ubiquitous isoform of Na/K-ATPase (ATP1A1), confirmed by immunoblotting, PCR, immunofluorescence, and mass spectrometry. Treatment of Sertoli cells with 50 nM ouabain increased transepithelial electrical resistance (TER) and expression of claudin 11 (tight junctions) and connexin 43 (gap junctions), whereas 1 mM ouabain had opposite effects. Involvement of Src-EGFR-ERK1/2-CREB pathway in ouabain-mediated expression of claudin 11 and connexin 43 was evaluated. Incubation of Sertoli cells with 50 nM ouabain increased content of p-Src, p-EGFR, p-ERK1/2, and p-CREB; in contrast, 1 mM ouabain decreased phosphorylation of these signaling molecules. Preincubation of Sertoli cells with inhibitors of Src and MAPK pathways inhibited ouabain-induced effects on these signaling molecules, TER, and expression of claudin 11 and connexin 43. In conclusion, we inferred that ATP1A1 regulated Sertoli cell tight junctions and gap junctions through the Src-EGFR-ERK1/2-CREB pathway. Ouabain is an endogenous steroid; therefore, its interaction with ATP1A1 may be a critical signaling mechanism for the regulation of Sertoli cell function and male fertility.
Introduction
Proliferation of Sertoli cells occurs during fetal and early neonatal life and ceases on day 15-16 in rodents. Thereafter, Sertoli cells attain functional maturation (differentiation), characterized by altered gene expression, establishment of the blood-testis barrier (BTB), and sustained spermatogenesis [1, 2] . BTB has three important functions: restrict molecule entry and regulate their movement (anatomical and permeability barriers, respectively) and sequester germ cell antigens (immunological barrier) [3] . Ultrastructurally, BTB is comprised of specialized junctional complexes between adjacent Sertoli cells near the basement membrane. There are three types of Sertoli cell junctional complexes: tight junctions (TJs), gap junctions (GJs), and adherens junctions. Several transmembrane proteins have been localized to TJs, including occludin, junctional adhesion molecule (JAM), and claudins. Occludin null male mice were infertile due to disrupted spermatogenesis and few postmeiotic germ cells [4, 5] . There are indications that JAMs are not essential for formation and maintenance of TJs. Several primary and established fibroblast cell lines have endogenous populations of JAM-A or JAM-C, but do not form TJs [6] . However, claudins appeared to be major structural components of TJ strands and are important for their establishment. Claudin 1 knockout (KO) mice died from dehydration, due to loss of TJ barriers to water and macromolecules in the epidermis [7] . Furthermore, claudin 5 KO male mice had evidence of leakage into the lumen of seminiferous tubule when a tracer element was injected into the interstitial space [8] . Despite the presence of several claudins (claudin 1, 3, 5, 7, 8, and 11) in the testis, claudin 11 seemed to be functionally relevant, as its deficiency resulted in loss of epithelial phenotype of Sertoli cells [9] , followed by sterility due to lack of TJ strands and seminiferous tubules filled with clumps of nucleated cells that failed to undergo normal spermatogenesis [10, 11] .
Gap junctions are located in conjunction with TJs [12] between Sertoli cells at the site of the BTB, and between Sertoli cells and specific stages of germ cells [13] [14] [15] . Several connexin members (connexin 26, 32, 33, 46, 50) are present in GJs of adult testis, yet connexin 43 is best characterized, as it is mainly located in the basal compartment of the seminiferous tubules at the site of BTB [16] . Also, a connexin 43-targeted deletion in mice resulted in male infertility [17] most likely due to arrest of spermatogenesis and Sertolicell-only syndrome, characterized by intratubular Sertoli cell clusters and abnormal cytoplasmic vacuoles [18, 19] . Furthermore, there were disorganized spatial arrangements of claudin 11 and connexin 43 in men with primary seminiferous tubule failure, presumably due to loss of function of these proteins at the site of BTB [20] .
Ion transporters and ion channels interact with TJ proteins (e.g., Na/K-ATPase). Structurally, the sodium pump (Na/K-ATPase) is a heterodimer composed of noncovalently linked alpha and beta subunits that hydrolyze ATP and transport 3 Na + out and 2 K + into cells [21] . The catalytic alpha subunit acts as a receptor for cardiotonic steroids (e.g., ouabain, a specific Na/K-ATPase inhibitor). The beta subunit is a glycosylated membrane protein required for normal enzyme activity of Na/K-ATPase [22, 23] . Four distinct alpha isoforms (α1, α2, α3, α4) and three beta isoforms (β1, β2, β3) have been identified, with the α1 isoform having ubiquitous expression, and the α4 isoform expressed only in spermatocytes and sperm. The ion transport function of Na/K-ATPase affects ionic composition of seminiferous tubular fluid [24] and intracellular pH of Sertoli cells [25] . Furthermore, Na/K-ATPase has a nonclassical (signaling) function. For example, low dose of ouabain modulated expression of connexin 32 [26] and regulated expression and distribution of claudin 1, 2, and 4 via ERK1/2 and c-Src in MDCK cells [27] . In Sertoli cell line 93RS2, low-concentration ouabain modulated expression of claudin 1 and claudin 11, mediated through the α4 isoform of Na/K-ATPase [28] . However, the mechanism(s) by which pumping and signaling activities of other isoforms of Na/K-ATPase in regulation of Sertoli cell TJs and GJs are unknown. The objective was to determine the effects of Na/K-ATPase-ouabain interaction in the formation and function of TJs and GJs in rat Sertoli cells.
Materials and methods

Animals
Sprague-Dawley rats (20 days) were purchased from Charles River Laboratories (Quebec, QC, Canada) and housed at the Health Science Animal Resource Centre (University of Calgary, Calgary, AB, Canada). The study reported herein was approved by the University of Calgary Institutional Animal Care and Use committee (protocol number AC13-0147).
Chemicals and antibodies
Ouabain, collagenase, hyaluronidase, trypsin, soybean trypsin inhibitor (STI), radioimmunoprecipitation assay (RIPA) buffer, Insulin-Transferrin-Selenium (ITS) supplement, epidermal growth factor (EGF), bacitracin, and gentamycin were purchased from Sigma. Transwell standing insert and Matrigel were purchased from BD Biosciences. DMEM-F12 with HEPES, cDNA reverse transcription kit, nuclease free water, DNase, TRIzol, and Fast SYBR Green master mix were from Thermo Fisher Scientific. Inhibitors PP2 and PD98059 were purchased from Calbiochem.
Isolation and culture of rat Sertoli cells
Testes from 20-day-old rats were decapsulated and cut into ∼1 mm pieces, which were digested with 40 mg trypsin and 0.8 mg DNase in a shaking water bath (110 oscillations/min for 30 min). Tubules along with interstitial cells were centrifuged at 800 × g for 2 min, then digested with 1 M glycine, 2 mM EDTA, pH 7.4 containing 0.01% STI, and 0.8 mg DNase for 10 min at RT. Intact tubules were washed by centrifugation at 800 × g for 2 min and resuspended in 40 mg collagenase and 0.2 mg DNase and shaken as described above. Digested tubules were washed three times (centrifugation at 800 × g for 2 min), and then resuspended in media containing 40 mg hyaluronidase and 0.2 mg DNase and shaken (as described above). Cells were washed five times by centrifuging at 800 × g, resuspended in DMEM-F12 media containing 10 μg/ml insulin, 5 μg/ml transferrin, 2.5 ng/ml EGF, 5 μg/ml bacitracin, and 20 μg/ml gentamycin, and then seeded with varying densities (objective specific) on to culture dishes/bicameral units in a humidified incubator at 35
• C with 95% air and 5% CO 2 . After 48 h, contaminating cells were lysed by hypotonic treatment (20 mM Tris, pH 7.4 for 2.5 min) [29] . Purity of Sertoli cell cultures was determined by various markers namely, anti-Mullerian hormone (AMH), Wilms tumor (WT1), and GATA binding protein 4 (GATA4) by immunoblotting and microscopically by staining for WT1. Contamination of Leydig cells and germ cells in Sertoli cell cultures was identified by their immunoreactivity to HSD3B1 and DDX4 (3-beta-hydroxysteroid dehydrogenase and DEAD-box helicase 4, markers for Leydig and germ cells, respectively). Three biological replicates were used with 10 testes per replicate and treatments were subsequently applied to this pooled sample of Sertoli cells. 
Mass spectrometry on Sertoli cell extracts
All steps, including in-gel trypsin digestion, LC-MS/MS analysis and database search for protein identification were performed at the mass spectrometric facility, SAMS centre, University of Calgary, Canada. Total Sertoli cell extracts were prepared as described (section"Preparation of Sertoli cell lysates and immunoblotting") and electrophoresed under standard conditions. Coomassie-stained gel pieces were sliced (scalpel) into small pieces (∼1 mm 3 
Measurement of transepithelial electrical resistance
Matrigel-coated standing inserts were seeded with freshly isolated Sertoli cells at high density (1.2 × 10 6 cells/cm 2 ) to promote assembly of junctional complexes and their resistance was quantified using a Millicell electrical resistance system (Millipore), as described [30] . Initially, transepithelial electrical resistance (TER) was measured across the Sertoli cell epithelium 24 h after cells were plated (i.e., day 1), and then daily until day 6. Resulting values were multiplied by the surface area of the insert (1.1 cm 2 ) and data reported as cm 2 . The net value of electrical resistance was calculated by subtracting the background resistance obtained by measurement of cell-free Matrigel-coated bicameral units. A functional barrier was 
Isolation of RNA and RT-qPCR
Total RNA was extracted from Sertoli cells and testis with TRIzol reagent, according to the manufacturer's instructions (Thermo Fisher Scientific). The final RNA pellet was washed with 1 ml of 75% ethanol, air-dried, and resuspended in 30 μl of nuclease-free water. The RNA samples were treated with DNase using the protocol in the DNase kit and concentration was measured with a NanoDrop UV/Vis spectrometer (Thermo Scientific) at 260 nm. Sertoli cells and testis RNA (100 ng) were subsequently reverse-transcribed using a high-capacity cDNA reverse transcription kit according to the manufacturer's instructions. Intron-spanning primers for targeted transcripts were designed using the primer-designing tool from NCBI (Supplemental Table S1 ). All PCR amplifications were performed in a 25 μl reaction volume using StepOnePlus Real-Time PCR system (Applied Biosystems) and AmpliTaq fast DNA polymerase with 10 pmol of each primer and 25 ng of cDNA. The PCR conditions were as follows: 95
• C for 5 min, followed by 35 cycles of 95
• C for 30 s, primer-dependent annealing temperature for 30 s, then 72
• C for 2 min, followed by a final extension at 72
• C for 10 min. In addition, a negative control (without cDNA) and no template control were included to ensure specific amplification. Relative changes in the transcript levels of various TJ (Cldn 1, 3, 4, 11, Ocln, and Tjp1) and GJ (Gja1, Gja5 and Gjb1) molecules were calculated using the 2 -C T (threshold cycle) method. These junctional molecules were evaluated for two reasons. First, they are highly expressed in the testis and are important regulators of BTB assembly and function [31] . In addition, in somatic epithelial cells and embryos, ouabain regulated expression of claudins 1 and 4 [27, 32] , connexins 40 and 43 [33] , connexin 32 [34] , occludin and ZO-1 [35, 36] .
Immunofluorescence
For immunostaining, Sertoli cells were plated (0.05 × 10 6 cells/cm 2 )
in four-well chamber slides (Thermo Fisher Scientific). Cells were fixed in 4% PFA for 15 min, permeabilized with 0.1% Triton X-100 for 15 min (5 min for claudin 11 and connexin 43), followed by incubation with 10% chicken or goat serum (depending on secondary antibody) for blocking. Details of primary and secondary antibodies are shown in Supplemental Table S2 . Primary antibodies were incubated overnight at 4
• C at the following dilutions: claudin 11 (2 μg/ml), p-CREB 
(1 μg/ml), EGFR (0.5 μg/ml), and actin (5 μg/ml). Membranes were washed (3×) in TTBS for 10 min and subsequently incubated with either HRP-conjugated goat anti-rabbit or anti-mouse IgG for 1 h at RT. Following washing, immunoreactive bands were detected using chemiluminescence. Membranes were probed with unphosphorylated (total) antibodies or actin antibody (1:1000) to ensure equal protein loading.
Statistical analyses
Data were analyzed with commercial statistical software (GraphPad Software Inc., La Jolla, CA). Data regarding Cldn 11 and Tjp1 transcripts (day 2 to day 5), TER values (day 1 to day 6), TER values of Sertoli cells obtained after ouabain and inhibitor (PP2 and PD98059) treatment were analyzed using one-way analysis of variance followed by the Tukey post hoc test. Differences in viability, phosphorylated signaling molecules, claudin 11 and connexin 43 expression between control and ouabain treated groups were analyzed using two-way analysis of variance followed by the Tukey post hoc test. Fold changes in the expression of various TJ and GJ molecules subjected to ouabain treatment were analyzed using two-way analysis of variance followed by the Sidak multiple comparison test. For all analyses, P < 0.05 was considered significant and results were reported as mean ± SEM.
Results
Characterization of Sertoli cells from 20-day-old rat testis
Our Sertoli cell culture system was validated (immunoblotting and immunofluorescence) using markers predominantly expressed in 20-day-old rats, including AMH, WT1, and GATA4 (Supplemental Figure S1A and B). Sertoli cell cultures were 90% pure (based on positive staining to WT1), with 6% cells designated as Leydig cells (positive for HSD3B1) and the remaining 4% immunoreactive to DDX4 (presumptive germ cells; Supplemental Figure S1C ).
Monitoring the formation of Sertoli cell junctions
Based on various criteria including TER, mRNA, and protein profiles of claudin 11, Sertoli cells grown at high density established junctional barriers in vitro. A simplified diagram of TER assembly is shown ( Figure 1A ). The TER values started to increase on day 1 and peaked on day 4, consistent with formation of a barrier. The TER values decreased on day 5, but were maintained thereafter (Figure 1B) . Concurrently, mRNA levels of claudin 11 (Cldn 11) and zona occludens-1 (Tjp1) peaked by day 3, prior to establishment of a TJ barrier by day 4 ( Figure 1C and D) . Protein profile of claudin 11 was consistent with its mRNA level ( Figure 1E ). On day 2, localization patterns of claudin 11 were disorganized and incomplete, with staining of Sertoli cells in the form of dots and patches. However, at day 3 there was a reduction in the patchy pattern compared with day 2 and staining was more evident in the form of a half circle between cells. Complete staining was apparent at interfaces between cells at day 4, consistent with various measurements mentioned above ( Figure 2 ). To confirm differentiation, Sertoli cells were assessed for transcript levels of proliferating cell nuclear antigen (PCNA) from days 1 to 5 of in vitro culture conditions. The mRNA levels of Pcna did not change significantly throughout culture (Supplemental Figure  S2A) .
Identification of Na/K-ATPase isoforms in rat Sertoli cells
The presence of ATP1A1 in Sertoli cells was detected using RT-PCR and confirmed by immunoblotting ( Figure 3A and B). Staining of Sertoli cells with ATP1A1 antibody revealed the protein at the membrane interface between adjacent Sertoli cells ( Figure 3C ). However, the presence of sperm-specific α4 isoform (ATP1A4) in Sertoli cells could not be confirmed by either of these approaches ( Figure 3A and B). Immunoblotting of Sertoli cells with ATP1A4 antibody did not detect a 110-kDa band corresponding to the molecular weight of the protein, although several nonspecific bands were apparent (Figure 3A) . Subsequently, mass spectrometric identification confirmed only ATP1A1 and ATP1B3 (α1 and β3 subunits of Na/K-ATPase) in Sertoli cell extracts (Table 1) .
Dose-dependent regulation of ouabain on claudin 11 and connexin 43 expression and its effect on transepithelial electrical resistance
To test whether pump and signaling functions of ATP1A1 were essential for TJ and GJ function in Sertoli cells, two distinct concentrations of ouabain were used. The higher dose (1 mM) inhibits ion transport activity, whereas the low noninhibitory dose (50 nM) activates signaling pathways [37] . Furthermore, trypan blue dye exclusion test revealed no significant difference in cell vitality between groups exposed to 50 nM or 1 mM ouabain (Supplemental Figure S2B ). Incubation with a low concentration of ouabain increased TER values (reached significance after 72 h of treatment; Figure 4A ). In contrast, high ouabain concentration decreased TER. Moreover, RT-qPCR was used to ascertain whether changes in TER values were accompanied by changes in the expression of junctional molecules associated with TJs and GJs. The mRNA levels for claudins 1, 3, 4 (Cldn), occludin (Ocln), zona occludens-1 (Tjp1), and connexins 32 (Gjb1), and 40 (Gja5) did not change significantly following ouabain treatment ( Figure 4B ). Regardless, there were significant changes in the transcriptional and translational activities of claudin 11 and connexin 43 after 72 h of treatment with ouabain. Transcript levels of both claudin 11 (Cldn 11) and connexin 43 (Gja1) were increased when Sertoli cells were treated with 50 nM ouabain; however, there was a corresponding decrease in both molecules when cells were exposed to 1 mM ouabain ( Figure 4B ). Consistent with changes in mRNA expression, 50 nM ouabain increased claudin 11 and connexin 43 protein, whereas 1 mM ouabain had an opposite effect ( Figure 4C and D) . In addition, the effects of varying concentrations of ouabain on distribution of claudin 11 and connexin 43 expression were also determined. Incubation of cells with the low noninhibitory concentration of ouabain increased staining intensity of claudin 11 expression at cell-cell junctions, whereas the inhibitory dose of ouabain led to a discontinuous staining pattern between cells, compared with control cells ( Figure 5 ). Staining pattern similar to claudin 11 was noticed for connexin 43 under various ouabain conditions (data not shown).
Involvement of Src-EGFR-ERK1/2-CREB pathway in ouabain-mediated regulation of claudin 11 and connexin 43 and its effect on transepithelial electrical resistance
There were increases in Src (sarcoma protein), EGFR (epidermal growth factor receptor), ERK1/2 (extracellular signal-regulated protein kinases 1 and 2), and CREB (cAMP response element binding protein) phosphorylation (compared with controls) in Sertoli cells after 15 min of exposure to 50 nM ouabain ( Figure 6A -E). Treatment with a high dose (1 mM) of ouabain decreased phosphorylation of Src, ERK1/2, and CREB compared with the low dose; however, phosphorylation was still higher compared with the control group ( Figure 6A-E) . EGFR phosphorylation did not differ between the two ouabain treatments but was higher compared with the control group ( Figure 6E ). There were no differences in unphosphorylated (total) forms of the above-mentioned signaling molecules under any of these conditions. Consistent with the increase in CREB phosphorylation, staining was more intense in the nuclei of the low-dose ouabain-treated group compared with the control and high-dose ouabain groups ( Figure 7 ). To confirm whether Src-EGFR-ERK1/2-CREB pathway was central for ouabain-induced effects on junctional molecules, PP2 and PD98059 (inhibitors that block Src and MAPK kinase activity, respectively) were used. Preincubation of cells with 10 μM PP2 completely abolished phosphorylation of EGFR, ERK1/2, and CREB ( Figure 8A ), whereas 25 μM PD98059 prevented phosphorylation of CREB, suggesting that phosphorylation of Src and ERK1/2 was crucial to activate this pathway ( Figure 8B ). However, neither inhibitor affected expression of unphoshorylated forms of Src and ERK1/2. Expression of claudin 11 and connexin 43 were also decreased in the presence of inhibitors and further exposure to ouabain did not reverse inhibitory effects ( Figure 8A ). Additionally, inhibition of Src and MAPK by PP2 and PD98059 decreased TER and subsequent stimulation with either 50 nM or 1 mM ouabain partially reversed effects of inhibitors, indicating involvement of ATP1A1-Src-EGFR-ERK1/2-CREB pathway in ouabain-mediated regulation of TJ and GJ molecules ( Figure 9A and B).
Discussion
Sertoli cells and their junctional complexes have key roles in spermatogenesis and male fertility. We produced evidence that the α1 isoform of Na/K-ATPase (ATP1A1) was localized to junctional complexes and demonstrated a dose-dependent effect on its pumping and signaling functions, which in turn regulated expression of two major junctional proteins, claudin 11 and connexin 43, in Sertoli cells. A functional TJ barrier was formed in vitro between Sertoli cells after 3 days of culture at a high density on Matrigel coated transwell insert system, similar to other studies of primary culture of Sertoli cells [30, 38] . Increased TER under in vitro culture conditions were not attributed to increased Sertoli cell numbers, but rather reflected maturational changes in Sertoli cells due to formation of junctional complexes. This was further confirmed using RT-PCR for detecting changes in PCNA, a postnatal marker for Sertoli cell proliferation [39] . Furthermore, in our study there were steady increases in mRNA levels of claudin 11 (Cldn 11) and zona occludens-1 (Tjp1) before establishment of a TJ barrier (day 4). Claudin 11 and ZO-1 are markers for monitoring establishment of TJ barriers in vitro [40, 41] especially claudin 11, which is necessary for morphology of TJ strands, as their presence maintains Sertoli cells in a differentiated state due to contact inhibition [42] . Subsequent localization of claudin 11 at the inter-Sertoli cell junctions was consistent with other studies [10] .
Various isoforms of Na/K-ATPase are expressed in a tissuespecific and developmental-specific manner. In that regard, ATP1A1 is expressed ubiquitously; ATP1A2 is detected in adipocytes, muscle, heart, and brain; ATP1A3 is abundant in neurons; and finally ATP1A4 is a testis-specific isoform expressed only in sperm [21] . The mRNA for ATP1A4 was present in the 93RS2 Sertoli cell line, originally isolated from 15-day-old rats [43] . However, in that study, there was no conclusive demonstration of ATP1A4 protein. Moreover, cell lines are genetically manipulated, which may alter their response to stimuli, despite a normal phenotype [44] . In total contrast, McDermott et al. [45] used GFP expression, downstream of the ATP1A4 promoter, to identify localization patterns of ATP1A4 protein and reported that ATP1A4 was detected only in differentiated male germ cells, but not in Sertoli cells isolated from mice (7 or 18 days or adults). Therefore, due to contradictory reports regarding the presence of Na/K-ATPase isoforms, we decided to use various approaches to detect ATP1A4 at the protein level using a custom-made ATP1A4 antibody for immunoblotting and mass spectrometry. Neither approach detected ATP1A4, but rather provided evidence for existence of ATP1A1 and ATP1B3 in Sertoli cell extracts. Similarly, Lucas et al. [46] reported that Sertoli cell primary cultures from 15-day-old rats had ATP1A1 but not the sperm-specific ATP1A4. The staining pattern of ATP1A1 in our study was noticeable at cell-cell contacts, consistent with other epithelial cell types. ATP1B3 subunit is predominantly expressed in testis [47] and co-expression of ATP1A1 and ATP1B3 in baculovirus infected Sf-9 cells formed α1β3 with enzymatic properties characteristic of Na/K-ATPase isoforms [48] .
Ouabain-mediated effects were concentration dependent, with the rat ATP1A1 being resistant to the inhibitory action of ouabain; therefore, a dose as high as 1 mM is needed to inhibit pumping activity of ATP1A1, whereas noninhibitory dose as low as 1 nM activate ATP1A1 signaling functions. Similarly, exposure to 0.1 to 10 nM ouabain prevented cell death and promoted cell growth, whereas concentration > 1 μM prevented cell proliferation associated with extensive inhibition of Na/K-ATPase enzyme activity [37] . Accordingly, when we subjected Sertoli cells to inhibitory dose of ouabain (1 mM), there were significant decreases in the mRNA and protein profiles of claudin 11 and connexin 43, whereas low noninhibitory dose (50 nM) had the opposite effect. Likewise, in somatic epithelial cells, 50 nM ouabain increased expression of claudins 1, 2, and 4, connexins 32, 43 and their localization patterns to become more distributed toward cell-cell junctions [27, 34] . In contrast, 1 mM ouabain caused a time-dependent loss of connexin 43 expression in A7r5 smooth muscle cells [33] . Higher dose of ouabain could cause ATP1A1 pump inhibition and the mechanisms by which this pump inhibition affects junction permeability could be multimodal. This could involve biochemical changes, including an increase in intracellular calcium, secondary to changes in increased intracellular sodium, changes in intracellular pH and membrane potential, inhibition of Rho GTPase activity which in turn affects actin polymerization, and loss of cooperation between Na/K-ATPase and E-cadherin in recruitment of junction proteins or their mislocalization at the plasma membrane interface [49] . Due to these biochemical changes that occur secondary to pump inhibition, perhaps downstream targets or pathways are different in the 1 mM versus 50 nM group. We believe that the altered intracellular environment or unidentified downstream pathways/molecules, or perhaps a combination of both, could have perturbed the junctional complexes at the site of BTB and thereby contributed to the leakiness and a subsequent decrease in TER in the 1 mM ouabain treatment group.
In general, ouabain-activated ATP1A1 signaling occurred at concentration too low to inhibit the enzyme. In contrast, both inhibitory and noninhibitory doses of ouabain activated Src, ERK1/2, and CREB in a dose-dependent manner, except EGFR through ATP1A1 in Sertoli cells. There is considerable evidence of distinct and probably interconvertible pools of Na/K-ATPase (raft and nonraft) in cells with signaling and pumping functions, respectively [50] . Perhaps both the signaling and pumping pool of Na/K-ATPase were activated in response to low ouabain concentration, increasing phosphorylation of signaling molecules. The pumping pool of the enzyme might be inhibited leading to changes in TER, whereas only the signaling pool is activated by high ouabain concentration, consistent with moderate phosphorylation of signaling molecules.
In 93RS2 Sertoli cell line exposed to low (nM) concentration of ouabain, ATP1A4 modulated expression of claudin 1 and claudin 11 involving the c-Src/c-Raf/ERK1/2/CREB pathway, similar to nonclassical testosterone signaling [28] . The most proximal interaction in Na/K-ATPase signaling is activation of nonreceptor tyrosine kinase Src; that ouabain induced c-Src phosphorylation was common among cardiac myocytes, LLC-PK1, and A7r5 cells provided evidence that this signaling process is conserved among different cell types. In this study, there was a similar type of response with regard to Src activation when Sertoli cells were exposed to nonin- hibitory doses of ouabain. Although inhibitory dose of ouabain did not cause much change in activation of EGFR, it caused changes in Src, ERK1/2, and CREB phosphorylation. Higher concentration of ouabain are toxic and interfere with cell viability. To determine whether downregulation of the signaling molecules in the 1 mM ouabain treated group were not due to loss of viability of Sertoli cells, viability was assessed with trypan blue. In the absence of gross morphological changes and in percentage of cells that excluded trypan blue, perhaps the duration or magnitude of Src, ERK1/2, and CREB activation and associated intracellular changes due to pump inhibition could have altered the expression of TJ and GJ proteins that are exposed to inhibitory concentration of ouabain. Similarly, a high ouabain concentration (1 μM) activated the MAPK pathway [46] , whereas 1 mM ouabain caused moderate ERK1/2 phosphorylation in rat salivary epithelial cells [51] . It is suggested that a sustained activation of CREB is needed to induce changes in transcription for CREB-mediated genes [52] . Accordingly, we detected increased phosphorylation of CREB on serine 133 residue after exposure to ouabain for 15 min and at 24 h (data not shown). The importance of CREB phosphorylation was also evident from studies involving overexpression of mutant CREB isoform in Sertoli cells that is unable to be phosphorylated. In such a case, spermatogenesis was disrupted due to apoptotic spermatocytes and subsequent loss of spermatids [53] . Once phosphorylated on serine 133, CREB can induce transcription of several genes including claudin 11 [42] and connexin 43 [54] . The GATA/NF-Y region of claudin 11 promoter is activated by the transcription factor complex comprising of GATA4/NF-YA/CREB [42] in Sertoli cells, whereas the association of CREB with ATF/AP-1 complex induces transcription of connexin 43 in cardiomyocytes [54] . As promoter regions of claudin 11 and connexin 43 contain binding sites for CREB, presumably their increased mRNA and protein expression after ouabain exposure occurred through this pathway. In several studies, the presence of transcription factors such as AP-1, CREB were markedly enhanced in the nucleus after activation of the MAPK cascade [55] . The physiological relevance of ouabain-mediated increases in claudin 11 and connexin 43 expression was reflected in TER values (a low concentration ouabain increased TER, although a high concentration decreased TER). In this study, perhaps the effects of ouabain on TER values were a direct effect of increased TJ or GJ molecules, or an indirect effect of phosphorylated signaling molecules on TJ and GJ structures.
To assess if the above-mentioned signaling molecules were central to ouabain-mediated regulation of claudin 11 and connexin 43, Src inhibitor (PP2) completely abolished phosphorylation of EGFR, ERK1/2, and CREB; therefore, we inferred that activation of Src was important to phosphorylate other signaling molecules involved in this pathway. In addition, MAPK inhibitor (PD98059) prevented CREB phosphorylation, indicating that ERK1/2 activation occurred upstream of CREB phosphorylation. Both inhibitors blocked expression of claudin 11 and connexin 43 in Sertoli cells and subsequent stimulation with either 50 nM or 1 mM ouabain did not reverse inhibitory effects of Src and MAPK on expression of TJ and GJ molecules. Furthermore, both PP2 and PD98059 reduced TER values but subsequent stimulation with ouabain partially reversed inhibitory effects, suggesting a compensatory mechanism from other molecules that potentially contribute to TJs and GJs. Likewise, PP2 and PD98059 inhibited ouabain-induced effects on claudin 1 and claudin 4 expression [27] , whereas connexin 32 and 43 inhibition was reported in MDCK cells [34] .
We concluded that both ion pumping and signaling functions of ATP1A1-ouabain interaction worked together to modulate several properties associated with Sertoli cell-cell contacts. Furthermore, the effects of low and high ouabain concentrations were linked to activation of several signaling pathways that converged on ERK1/2 and CREB molecules (Figure 10 ). Since ouabain is an endogenous compound, its interaction with ATP1A1 could be very important in maintenance of junctional complexes/barriers and male fertility.
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